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I. INTRODUCTION

The Space Experiments with Particle Accelerators (SEPAC) is a joint endeavor between
NASA and the Institute of Space and Aeronautical Sciences (ISAS) in Japan. Its objectives are
to use energetic electron beams to investigate beam-atmosphere interactions and beam-plasma
interactions in the Earth’s upper atmosphere and ionosphere using the Shuttle Spacelab. Two
flights of SEPAC have occurred to date (Spacelab 1 on STS-9 in November-December 1983 and
ATLAS 1 on STS-45 in March-April 1992). The SEPAC instrumentation is available for future
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i missions, and the scientific results of the first two missions justify further investigations;
however, at present there are no identifiable future flight opportunities. As specified in the

s contract, the primary purpose of this report is to review the scientific accomplishments of the

- ATLAS 1 SEPAC experiments, which have been documented in the published literature, with
only a brief review of the earlier Spacelab 1 results.

One of the main results of the Spacelab 1 SEPAC experiments was that the ejection of
plasma from the magneto-plasma-dynamic (MPD) arcjet was effective in maintaining vehicle
. charge neutralization during electron beam firings, but only for a brief period of 10 ms or so.
= : Therefore, a xenon plasma contactor, which can provide continuous vehicle charge
neutralization, was developed for the ATLAS 1 SEPAC experiments. Because of the successful
operation of the plasma contactor on ATLAS 1, it was possible to perform experiments on beam-
plasma interactions and beam-atmosphere interactions at the highest beam power levels of
SEPAC. In addition, the ability of the plasma contactor to eject neutral xenon led to a successful
experiment on the critical ionization velocity (CIV) phenomena on ATLAS 1.

. II. SPACELAB 1 RESULTS

. The results of the Spacelab 1 SEPAC experiments were reported in numerous refereed
— publications. A subset of those publications, on which Dr. J. L. Burch of SwRI is an author or
- co-author, is listed below in chronological order:

Obayashi, T., N. Kawashima, K. Kuriki, M. Nagatomo, K. Ninomiya, S. Sasaki, M.
Yanagisawa, I. Kudo, M. Ejiri, W. T. Roberts, C. R. Chappell, D. L. Reasoner, J. L.
Burch, W. W. L. Taylor, P. M. Banks, P. R. Williamson, and O. K. Garriott, Space
experiments with particle accelerators, Science, 225, 195, 1984.

Taylor, W. W. L., T. Obayashi, N. Kawashima, S. Sasaki, M. Yanagisawa, J. L. Burch, D.
L. Reasoner and W. T. Roberts, Wave-particle interactions induced by SEPAC on
Spacelab 1: Wave observations, Radio Science, 20, 486-498, 1985.

1
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Obayashi, T., N. Kawashima, S. Sasaki, M. Yanagisawa, K. Kuriki, M. Nagatomo, K.
Ninomiya, W. T. Roberts, W. W. L. Taylor, P. R. Williamson, P. Banks, D. L.
Reasoner and J. L. Burch, Initial results of SEPAC scientific achievement, in Earth-
Oriented Applications of Space Technology, 5, Nos. 1/2, 37-45, Pergamon Press, 198S.
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Sasaki, S., N. Kawashima, K. Kuriki, M. Yanagisawa, T. Obayashi, W. T. Roberts, D. L.
Reasoner, W. W. L. Taylor, P. R. Williamson, P. M. Banks and J. L. Burch, Ignition
of beam plasma discharge in the electron beam experiment in space, Geophys. Res. Lett.,
12, 647-650, 1985.

Sasaki, S., S. Kubota, N. Kawashima, K. Kuriki, M. Yanagisawa, T. Obayashi, W. T. Roberts,
D. L. Reasoner, W. W. L. Taylor, P. R. Williamson, P. M. Banks and J. L. Burch, An
enhancement of plasma density by neutral gas injection observed in SEPAC Spacelab 1
experiment, J. Geomag. Geoelectr., 37, 883-894, 1985.

Sasaki, S., N. Kawashima, K. Kuriki, M. Yanagisawa, T. Obayashi, W. T. Roberts, D. L.
Reasoner, W. W. L. Taylor, P. R. Williamson, P. M. Banks and J. L. Burch, Gas
ionization induced by a high speed plasma injection in space, Geophys. Res. Lett., 13,
434-437, 1986.

Neubert. T., W. W. L. Taylor, L. R. O. Storey, N. Kawashima, W. T. Roberts, D. L.
Reasoner, P. M. Banks, D. A. Gumett, R. L. Williams and J. L. Burch, Waves

generated during electron beam emissions from the space shuttle, J. Geophys. Res., 91,
11,321-11,330, 1986.

Burch, J. L., Space plasma physics results from Spacelab 1, J. Spacecraft and Rockets, 23, 331-
335, 1986.

Cai, D., T. Neubert, L. R. O. Storey, P. M. Banks, S. Sasaki, K. Abe and J. L. Burch, ELF
oscillations associated with electron beam injections from the space shuttle, J. Geophys.
Res., 92, 12,451-12,457, 1987.

Sasaki, S., N. Kawashima, K. Kuriki, M. Yanagisawa, T. Obayashi, W. T. Roberts, D. L.
Reasoner, P. R. Williamson, P. M. Banks, W. W. L. Taylor, K. Akai and J. L. Burch,
Neutralization of beam-emitting spacecraft by plasma injection, J. Spacecraft and
Rockets, 24, 227-231, 1987.

Marshall, J. A., C. S. Lin, J. L. Burch, W. Bernstein and C. Beghin, Spacelab 1 experiments
on interactions of an energetic electron beam with neutral gas, J. Spacecraft and Rockets,
25, 361-367, 1988.

Marshall, J. A., C. S. Lin and J. L. Burch, Further studies of ELF oscillations during electron
beam firings on Spacelab 1, IEEE Trans. on Plasma Science, 18, 169-170, 1990.
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III.  ATLAS 1 RESULTS
A. Artificial Aurora Experiments

Gaining an understanding of Earth’s natural aurora will require a multifaceted
experimental and theoretical approach. The dynamical nature of the aurora and the tendency for
many important phenomena to occur together have made it difficult to determine the relative
roles of the magnetosphere and the ionosphere in triggering auroral displays and in determining
the sources and closure of the field-aligned currents associated with them. Measurements of the
fields and plasmas associated with the aurora need to be made at higher temporal and spatial
resolution, and ultimately at multiple locations simultaneously, in order to characterize
sufficiently the auroral particle acceleration processes. Of particular interest is the auroral
acceleration region, which is located at altitudes of an Earth radius or so along the magnetic field
lines threading the aurora; sounding rockets and satellites with increased capabilities are
contributing significantly to the investigation of the auroral acceleration region. A
complementary approach involves the use of artificial electron beams either to stimulate auroral
displays in quiet regions where an unambiguous input-output experiment can be performed or
to sense remotely auroral phenomena such as parallel electric fields as they occur naturally.

Artificial electron beams from the SEPAC experiment on the ATLAS 1 Spacelab
payload were used to stimulate auroral emissions at southern auroral latitudes. The emitted
electron beams were monoenergetic at 6.25 keV and were fired in one-second pulses every
fifteen seconds with currents of 1.21 A. Optical measurements of the beam were made in the
vicinity of the Shuttle Orbiter by its on-board television camera and in the upper atmosphere by
the Atmospheric Emissions Photometric Imager (AEPI). AEPI imaged auroral emissions in both
white light and at the 427.8 nm N,* emission line. Energy deposition calculations and the results
of previous sounding-rocket experiments had suggested that emissions with scale sizes of about
130 meters would result from the artificial electron beams with the visible emissions extending
from about 110 to 130 km altitudes. In the ATLAS 1 experiments the auroral imaging was
performed from the Shuttle, providing a new perspective on the artificial auroras and allowing
the emissions to be traced from altitudes near the 295 km Shuttle altitude down to the 110 km
level along the curved magnetic field lines.

In the ATLAS 1 SEPAC artificial aurora experiments easily detectable light
emissions were produced both in quiet regions and within very active auroral forms. This result
suggests that future experiments may be used to detect parallel electric fields above auroras by
launching artificial electron beams upward from the Shuttle and detecting light emissions
produced by the reflected beams as they return to the atmosphere.

The results of the ATLAS 1 artificial aurora experiments are reported in the
following publications, which are included in the Appendix:

Burch, J. L., S. B. Mende, N. Kawashima, W. T. Roberts, W. W. L. Taylor, T. Neubert, W.
C. Gibson, J. A. Marshall and G. R. Swenson, Artificial auroras in the upper
atmosphere: 1. electron beam injections, Geophys. Res. Lett., 20, 491-494, 1993,
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Mende, S. B., J. L. Burch, G. R. Swenson, E. K. Aamodt, S. P. Geller, R. L. Rairden and P.
L. Hassler, Artificial auroras in the upper atmosphere: 2. imaging results, Geophys. Res.
Lert., 20, 495-498, 1993.

Burch, J. L., W. T. Roberts, W. W. L. Taylor, N. Kawashima, J. A. Marshall, S. L. Moses,
T. Neubert, S. B. Mende and E. Y. Choueiri, Space experiments with particle
accelerators: SEPAC, Adv. Space Res. (The Earth’s Middle Atmosphere), 14, 263-270,
1994.

B. Critical Ionization Velocity Experiments

The critical ionization velocity (CIV) theory states that neutral gas traveling
perpendicular to a magnetic field will suddenly become ionized when its velocity in the rest
frame of the magnetic field reaches a threshold value such that the kinetic energy of the gas in
that frame is equal to its ionization potential. The CIV phenomenon has been suspected to play
an important role in various plasma dynamics situations ranging from cometary comas and
astrophysical problems to spacecraft environment interactions. While CIV has been observed in
many laboratory experiments, a definitive and unambiguous observation of this phenomenon in
space has not been made.

A test of the CIV theory was made with neutral xenon releases from the SEPAC
hollow cathode plasma contactor onboard the ATLAS 1 payload. The gas velocity perpendicular
to the Earth’s magnetic field was essentially the orbital velocity (7.5 km/s), and thus it exceeded
the CIV for xenon. The releases were observed with onboard instrumentation. A factor of 60
enhancement was seen in the Langmuir probe current. Calculations confirmed that release
conditions generally satisfied criteria for CIV and predicted a maximum factor of 20 increase
in plasma density. Thus CIV effects were likely to have occurred during the ATLAS 1
experiments. The results of these experiments are documented in the following paper, which is
included in the Appendix:

Marshall, J. A., J. L. Burch, E. Y. Choueiri and N. Kawashima, CIV experiments on ATLAS
1, Geophys. Res. Lett., 20, 499-502, 1993.

C. Plasma Contactor Operations

SEPAC on ATLAS 1 included a plasma contactor to neutralize charge buildup on
the orbiter due to electron accelerator operations. The SEPAC plasma contactor operated the
same as it had during testing in the laboratory in that it emitted currents that helped balance the
electron beam current. The Langmuir probe measured the charge exchange ions and the thermal
electrons emitted by the contactor. The electric field wave data showed an order of magnitude
increase in the 4-8 MHz band. There were no reports of contactor operations interfering with
either orbiter systems or other ATLAS 1 experiments.

The results of the SEPAC plasma contactor operations are documented in the
following publication, which is included in the Appendix:
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Katz, I., J. N. Barfield, J. L. Burch, J. A. Marshall, W. C. Gibson, T. Neubert, W. T.
Roberts, W. W. L. Taylor and J. R. Beattie, Interactions between the SEPAC plasma
contactor and the ionosphere, submitted to J. Spacecraft and Rockets, 1993.
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GEOPHYSICAL RESEARCH LETTERS, VOL. 20, NO. 6, PAGES 491-494, MARCH 19, 1993

ARTIFICIAL AURORAS IN THE UPPER ATMOSPHERE
1. ELECTRON BEAM INJECTIONS

J. L. Burchl, S. B. Mende2, N. Kawashima3, W. T. Roberts*, W. W. L. Taylor5,
T. Neubert6, W. C. Gibsonl, J. A. Marshalll, and G. R. Swenson?

Abstract. Artificial electron beams from the Space
Experiments with Particle Accelerators (SEPAC) on the
ATLAS 1 Spacelab payload were used to stimulate auroral
emissions at southern auroral latitudes. The emitted electron
beams were monoenergetic at 6.25 keV and were fired in one-
second pulses every fifteen seconds with currents of 1.21 A.
Optical measurements of the beam were made in the vicinity of
the Shuttle Orbiter by its on-board television camera and in the
upper atmosphere by the Atmospheric Emissions Photometric
Imager (AEPI). AEPI imaged auroral emissions in both white
light and at the 427.8 nm Ny* emission line. Energy
deposition calculations and the results of previous sounding-
rocket experiments had suggested that emissions with scale
sizes of about 130 meters would result from the artificial
electron beams with the visible emissions extending from
about 110 to 130 km altitudes. In the ATLAS 1 experiments
the auroral imaging was performed from the Shuttle, providing
a new perspective on the artificial auroras and allowing the
emissions 10 be traced from aititudes near the 295 km Shutte
altitude down to the 110 km level along the curved magnetic
field lines.

Introduction

Gaining an understanding of Earth’s natural aurora will
require a multifaceted experimental and theoretical approach.
The dynamical nature of the aurora and the tendency for many
important phenomena to occur together have made it difficult
to determine the relative roles of the magnetosphere and the
ionosphere in triggering auroral displays and in determining
the sources and closure of the field-aligned currents associated
with them. A summary of contemporary problems that define
auroral physics is provided in the book by Meng et al. [1991].
Measurements of the fields and plasmas associated with the
aurora need to be made at higher temporal and spatial
resolution, and ultimately at multiple locations simultaneously,

1Southwest Research Institute, San Antonio, Texas

2L ockheed Palo Alto Research Laboratory, Palo Alto,
California

nstitute of Space and Astronautical Science, Tokyo,
Japan

4NASA, Marshall Space Flight Center, Alabama

5Nichols Research Corp., Arlington, Virginia

6University of Michigan, Ann Arbor, Michigan

Copyright 1993 by the American Geophysical Union.

Paper number 93GL00595
0094-8534/93/93GL-00595503.00

in order to characterize sufficiently the auroral particle
acceleration processes. Of particular interest is the auroral
acceleration region, which is located at altitudes of an Earth
radius or so along the magnetic field lines threading the aurora;
sounding rockets and satellites with increased capabilities are
contributing significantly to the investigation of the auroral
acceleration region. A complementary approach involves the
use of artificial electron beams either to stimulate auroral
displays in quiet regions where an unambiguous input-output
experiment can be performed or to sense remotely auroral
phenomena such as parallel electric fields as they occur
naturaily.

The Space Experiments with Particle Accelerators
(SEPAC) were conducted as part of the ATLAS 1 Spacelab
mission from March 24 through April 2, 1992. One of the
objectives was to perform artificial aurora experiments from
orbit using high-power electron beams and the optical imaging
capability of the Atmospheric Emissions Photometric Imaging
(AEPI) instrument [Mende et al., 1992]. The SEPAC electron
beam accelerator (EBA) is capable of injecting electrons with
beam energies up to 6.25 keV. At this energy the perveance-
limited electron gun can emit beam currents of up to 1.21 A,
giving a beam power of 7.56 kW. The previous flight of

~ SEPAC on Spacelab 1 [Obayashi et al., 1984] showed that at

these levels special means of neutralizing the Shuttle spacecraft
are necessary; therefore, for ATLAS 1 the SEPAC instrument
complement included three 122-cm diameter conductive
spheres for charge collection and a 1.6 A hollow-cathode Xet
plasma contactor. The flight data show that the effectiveness of
these charge neutralization devices was sufficient for injection
of electron beams up to the highest beam currents available
with the SEPAC EBA.

Artificial auroral experiments had been conducted
previously from sounding rockets [Hess et al., 1971; Davis et
al.,, 1971, 1980; O’Neil et al., 1979]. See also the
comprehensive review by Winckler [1980]. The results of the
previous experiments led to the expectation that the SEPAC
EBA, at highest power, would produce an artificial aurora
characterized by an emission with a diameter of about 130 m at
altitudes of 110-130 km. However, because of the favorable
viewing geometry from orbit, the artificial aurora emissions
produced by SEPAC on ATLAS 1 were imaged over the full
extent of the curved magnetic field lines from near the Shutde
altitude of 295 km down to the 110-130 km altitude regime.
Also present in the images were afterglows, which appeared as
emission “tails” in the wake direction. Contrasts between
SEPAC and the previous experiments include the facts that (1)
the optical measurements were made from the same spacecraft
from which the electron beam was injected rather than from the
ground or aircraft, (2) effective charge neutralization was
accomplished with the charge-collection spheres and the
plasma contactor; and (3) the artificial auroras were produced
in the auroral zone and in the neighborhood of natural auroras.

491 g meviNeg PAGE SLANK NOT FILWADR



492 Burch et al.: Electron Beam Injections

Experiment Description

SEPAC is a joint U.S.-Japan investigation of the
interaction of electron beams, plasma and neutral gas with the
Earth’s upper atmosphere. ionosphere and magnetosphere. It
makes use of the large mass, volume and power capabilities of
Shuttle/Spacelab as well as the interactive control that is
possible through the involvement of payload and mission
specialists. The first tlight of SEPAC was with the Spacelab 1
mission (STS 9) in late November and early December 1983.
Recently an upgraded instrument complement was included as
part of the ATLAS 1 payload on STS-45 in late March and
carly April 1992, Table 1 shows the SEPAC instrument
complement as flown on the ATLAS 1 payload.

During the artificial aurora experiments the plasma

“contactor (PC) was operated continuously so thatup to 1.6 A

of Xe* ions could be ejected to balance an equal current of
electrons from the EBA. Since tor ATLAS 1 the EBA current
was limited to 1.21 A, the PC had more than sufficient output
current capability to maintain charge neutrality during the most
intense electron beam injections. The neutralization process
was aided by the charge collection spheres and the Shuule
conductive surtaces (the engine hells and the inner surtaces of
the payload bay doors), which can effectively collect
ionospheric electrons along magnetic ficld lines.

Figure | demonstrates the ability of the plasma contactor
and the conductive spheres to neutralize the Shuttle/Spacelab
during electron beam injections. Figure 1 shows the spacecraft
potential as measured by the three floating probes. the EBA
current and voltage, and the PC current. The floating-probe
data in Figure | show that the spacecratt potential did not rise
more than about 5 V during the beam firings. By contrast,
with no PC or conducting spheres on Spacelab 1, charging to
the beam potential was observed when the beam current was
above 100 mA [Burch, 1986].

Also providing evidence of spacecraft neutralization and of
the fact that any beam-plasma instabilitics or discharges did not
disrupt the beam significantly during the artificial aurora
cxperiment is the image of the beam in Figure 2. This image
was taken in white light by the onboard low-light television
system provided by the Shuttle Orbiter. The beam was not
visible in the TV data except when neutral xenon was released
from the PC. Figure 2 clearly shows the first spiral of the
beam in the geomagnetic field as the beam was tired upward at
5 keV and 500 mA. The dark cenwral segment of the straight
section of the beam was produced by saturation of the TV
camera, indicating the most intense part of the beam. The
spiral in Figure 2 is located about 50 meters above the Shuttle.
During this particular beam firing, magnetic deflection coils
were used to deflect the beam by about 17° to a pitch angie
near 10° resulting in the beam spiral. The divergence full angle
‘of the beam itself was about 5°. Tt is possible that the injection
to the Shuttle imager, modified the ambient environment and
affected the threshold for certain beam-plasma interactions.
During the artificial aurora experiments the neutral xenon
injection was not employed.

Artificial Aurora Experiment

In each of the two artificial aurora experiments that were
performed on ATLAS 1. twenty electron beam pulses were

Table . SEPAC Instrumentation for ATLAS 1

Instrument/Parameter Range

Electron Beam Accelerator

(EBA}
Energy 010 6.25 keV
Current Ot 121 A
Perveance 2.5x 106 AV-15
Initial Beam Diameter 20 mm
Deflection 0 to 300 from axis
Modulation < 5kHz

Xenon Plasma Contactor

(PC)
Ton-electron production 1.6 A
rate
Operation time available 1500 hrs.
Neutral gas pulse width 100 ms (programmable)

Number of ejected atoms ~6x1022 per pulse
Low-frequency plasma

wave probe
Frequency 0.75to0 10 kHz
High-frequency plasma
wave probe
Frequency 0.1t0 10.5 MHz
Wideband plasma wave 0.4to l0kHz
probe 0.1 1042 MHz
Frequency (or 4.0 10 7.5 MHz)
Floating probes
Distances from pallet 290 mm, 540 mm, 790 mm
Frequency 0to 400 Hz
Potential -8kVio +8kV
Resolution 6V
Energeric Eleciron Analvzer
Energy 0.1to 15keV
Energy resolution AE/E =0.18
Angular acceptance 40 by 100
Sample rawe 100 Hz
Energy sweep time 320 ms
Langmuir probe
Density 10410 108 e cm3
Temperature 600 to 5000 °K
Sample rate | kHz (current)
250 Hz (voliage)

lonization gauge
Pressure range 5x 10810 5 x 104 Torr
Sample rate 1 kHz

injected downward from an altitude of 295 km with 0° pitch
angle at relatively high southern magnetic latitudes (65-679).
During the experiments, optical observations were made with
the AEPI instrumentation. In the first experiment white-light
images were acquired at a rate of 30 Hz, while in the second
cxperiment these high-rate white-light images were
supplemented by images at 427.8 nm, which were integrated
over | second. The 427.8 nm Nj* line was chosen because it
is a prompt emission with a well-known relationship to total
precipitating electron energy flux. The electron beam pulses
were injected once every 15 seconds at the maximum energy
and current (6.25 keV, 1.21 A) with pulse widths of 1 second.

Figure 3 shows two consecutive 427.8 nm images that
were obtained 30 seconds apart in the southern auroral zone
during the second artificial aurora experiment. High-time-
resolution white-light images of the artificial aurora are
discussed by Mende {1992]. In Figure 3a the antificial aurora
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Fig. 1. A 30-second plot of the EBA voltage and current, the

PC ion current, and the three floating-probe potentials in the’

top to bottom panels, respectively. The PC ion current is
plotted in normalized units pending final monitor calibration.
The floating-probe potential traces are separated by 15 V to
avoid overlap.

Fig. 2. Image from an Orbiter payload-bay television camera
(40° horizontal field of view) of a SEPAC artificial electron
beam with energy of 5 keV and current of 500 mA. The beam
was rendered visible by the injection of a neutral Xe pulse (see
Table 1), which was excited by the electron beam. The dark
central region of the straight section of the beam is a saturation
effect. The first spiral of the beam in the Earth’s magnetic
field, which is evident near the end of the visible beam in the
right-hand side of the figure, was located about 50 meters
above the Orbiter. The illuminated object in the lower right-
hand corner of the image is part of the payload bay
instrumentation.

is located in the dark region near a quiet auroral arc, while in
Figure 3b the artificial aurora is superimposed upon a naturally
occurring quiet auroral arc. Each artificial aurora image
contains significant spatial structure, the most persistent
features being a tapered extension toward the bottom of the
image and (particularly noticeable in Figure 3a) a trail in the
Shuttle wake direction, possibly indicating an afterglow
phenomenon. The travel time of the beam to the 110 km level

is only about 5 ms, and the 427.8 nm emission is prompt,
with a lifetime of <1 ps; therefore, the wake trail was not
predicted. The afterglow present in the wake trail may have
been produced by induced electron precipitation, caused
perhaps by an enhancement of ionospheric Pederson
conductivity produced by the artificial beams, although this
possibility needs to be investigated further. Another possibility
is the acceleration of ambient electrons by beam-plasma
interactions that may have persisted for several tens of ms after
the electron bearn moved out of an excited magnetic flux tube,
as suggested by Wilhelm et al. [1985).

The tapered extensions toward the bottom of the images in
Figures 3a and 3b are produced by the curvature of the

Fig. 3. (a) Artificial aurora image in 427.8 nm. To the leftis a
quiet auroral arc; in the upper right is the artificial aurora. The
image was obtained by the AEPI instrument [Mende et al.,
1992], which viewed downward along the magnetic field
direction, during a one-second period beginning at 16:01:59
UT on March 26, 1992. The direction of motion of the Shuttle
Orbiter was to the left, so the natural auroral arc is broadened
in the horizontal direction by about 10%. The width of the
image at the 110-km level is about 80 km. The color bar is
linear from top to bottom and extends from Q to about 5 kR.
(b) Same as (a) except that in this case the image was obtained
over the one-second period beginning at 16:02:29 UT on
March 26, 1992, and the artificial aurora was superimposed
upon a somewhat weaker quiet auroral arc.
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magnetic field line. For this experiment the Shuttle was
moving generally eastward, or to the left in figures 3a and 3b,
so south and north are toward the top and bottom of the
figures, respectively. The AEPI has a field of view of 209, so
at 110 km the width of the images in Figure 3 is about 80 km.
The displacement of a dipole field line at a magnetic latitude of

659 between 295 km and 110 km because of field-line
curvature is about 1.8 km, which is consistent with the images
in Figure 3. The bottom tip of the downward tapered
extensions in Figure 3 is, then, the lower extension of the
artificial aurora at altitudes of about 110 km. Detailed analysis
of the images is reported by Mende et al. (1992].

Future experiments are needed to take advantage of the
much greater detectability of the artificial aurora emissions
from orbit in performing more extensive spectral analyses and
in using the artificial electron beams to sense remotely electric
fields in the auroral zone. For example, the use of an oxygen
emission line (such as 630.0 nm) along with the nitrogen line
would help determine the altitude profile of the artificial
aurora. In addition, the fact that the artificial auroras are easily
detectable even when superimposed on bright natural auroras
supports the possibility that upward-propagating electron
beams, reflected by parallel electric fields above the aurora,
would produce detectable artificial auroras, which could be
used to map the strength and spatial distributions of the parallel
E-fields. -
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ARTIFICIAL AURORAS IN THE UPPER ATMOSPHERE: 2. IMAGING RESULTS

S. B. Mende 1. J. L. Burch 2, G. R. Swenson I, E. K. Aamodt 1,
S.P. Geller !, R. L. Rairden ! and P. L. Hassler 3

Abstract. On the ATLAS 1 mission (STS-45, launched
March 24, 1992) two experiments, AEPI (Atmospheric
Emissions Photometric Imaging) and SEPAC (Space
Experiments with Particle Accelerators) performed the first
experiment in a series of active experiments intended to probe
the atmosphere, ionosphere and magnetosphere with electron
beams. The luminous artificial aurora generated by the
clectron beam interaction was detected and measured by AEPI
both in white light and in a-narrow wavelength band at
427.8 nm (peak intensity 5 kR). Modelling calculation
showed that there was a significant contribution from
emissions originating near the spacecraft. The spatial intensity
distribution of the observed auroral patch is consistent with
emission contribution from both high and low altitude regions.
An extended tail in the direction of the shutde wake was
observed in the 427.8 nm channel, consistent with a decay
time associated with the dissipation of the hot electron plasma.

Introduction

One of the key questions in understanding magnetospheres
is the mapping of the instantaneous position of the magnetic
field. From a theoretical standpoint, artificial electron beams
are ideal for tracing magnetic fields. Energetic electrons have
very short transit times compared to the time scale of the
changes in the magnetic field. The electron trajectories are
perturbed only by electromagnetic effects such as gradient and
curvature and E x B drift. By varying the electron energy
and pitch angle, in principle, one can separate any of these
effects. There were several previous rocket experiments in
which optical emissions or artificial auroras were generated
successfully [Hess et al., 1971; Davis et al., 1971, 1980;
Cambou et al., 1975, 1980; Hallinan et al., 1978, 1990;
O'Neil et al., 1978a, 1978b, 1979]. The signal to noise ratio
of the artificial auroras produced by these rocket-borne
accelerator experiments were generally low. It seemed that
electron accelerators suitable for spacecraft-based
magnetospheric electron beam probing would have to be very
large and powerful. One of the most successful rocket
experiment series, the Echo experiments {Hendrickson et al.,
1976; Winckler, 1982; Malcolm, 1986; Winckler et al., 19891,
detected echoes returned from conjugate hemispheres by
electron detectors on the same rocket which carried the electron
accelerator.

A second objective of these artificially injected electron
beam experiments is the investigation of the acronomic
processes created when an electron beam of known
characteristics interacts with the atmosphere {O'Neil et al.,
1978a, 1978b; O'Neil et al., 1979]. )

A shuttle-borne particle accelerator and optical detector
were flown on the ATLAS 1 shuttle mission (STS-45) at an
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3 NASA Marshall Space Flight Center, Huntsville, AL
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altitude of 300 km. Artificial auroral experiments were
conducted on this mission with positive results [Burch et al.,
1992]. In this paper the optical observations of the antificially
induced auroras by the Atmospheric Emission Photometric
Imaging (AEPI) experiment will be described.

AEPI Experiment Description

The AEPI experiment [Sandie et al., 1983] was developed
originally for the Spacelab 1 (STS-9) shuttle flight and was
first flown in November 1983. The instrument consisted of a
shuttle bay mounted instrument package which was operated
remotely by the crew through the AEPI control panel which
was installed inside the shuttle's manned environment. AEPI
was essentially a remote-sensing optical instrument mounted
on a two axis gimbal, which could be pointed independently
from the orientation of the shuttle, ,

There were two separate imagers inside the optical
package. The filtered camera had a dual filter wheel providing
wavelength selection with a minimum bandwidth of ~ 2 nm.
The detector contained an image intensifier, which was fiber-
optically coupled to a CCD. The CCD was thermoelectrically
cooled and operated in the low dark current MPP (multi pinned
phase) mode. This camera was capable of taking long time-
exposures (several seconds). The second detector was a white
light (spectral continuum) camera, which had a wavelength
response between 430 and 850 nm (but contained a 762 nm
notch filter to suppress airglow). This detector operated at
standard TV frame rates (30 frames per second) with a fixed
1/30 second integration. )

AEPI had only one video line, and the two cameras time-
shared the line. The general properties of the AEPI experiment
detectors are summarized in Table 1.

All ancillary parameters including frame count, UT, filters,
image intensifier gain, filtered camera exposure time, pointing
angles with respect to the shuttle and to a fixed point
geographic reference, magnetic field vector, solar elevation
and latitude/longitude of the shuttle orbiter were superimposed
on the image (Figure 1). )

The ATLAS-1 Artificial Aurora Experiments

The AEPI gimbal pointed the optical axis approximately
paralle! to the magnetic field. During the AEPI-SEPAC joint
experiments, the electron accelerator produced a sequence of
pulses of 1 second duration, each at a rate of 1 pulse every
15 seconds. Each sequence lasted 5 minutes. In order to
neutralize the shuttle and inhibit its positive charging, the
SEPAC experiment [see Burch et al., 1992) operated a plasma
contactor, which released a stream of xenon ions from a
hollow cathode ion source. During the first AEPI-SEPAC
artificial aurora experiment, only the AEPI continuum TV
camera operated and only white light images of the electron
beam were recorded. During the second joint experiment
opportunity, the artificially induced auroral emissions were
recorded by both the filtered and unfiltered AEPI imagers. In
the AEPI filtered caimera the selected filter was centered at
427.8 nm and had a bandwidth of 2.2 nm. The camera
operation mode consisted of an exposure for approximately
1 second. Although the capability to synchronize SEPAC and
AEPI existed, during these test firings the two instruments
operated independently, and the one second duration electron
pulses were mostly picked up by two consecutive read out
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Table 1. AEPI Imagers

Filtered camera Unfiltered continuum camera

~ (operated with 427.8 nm filter) (notch suppression at 762 nm)
Spectral bandwidth: 2.2 nm 430-850 nm
F-number: 2.0 0.95
F.0.V. (horizontal) 200 220
F.0.V. (vertical) 159 160
Frame rate: 300 1730 s-1 30s-1

(variable time rate)

frames. A typical aarora patch image, acquired at 86/16:00:14
UT by the filtered camera in 427.8 nm, is shown in Figure 1.
The inset shows the relevant portion of a simultaneous image
taken by the continuum camera (1/30 sec exposure). The low
contrast in the white light image is largely due to some yet
unexplained glow which occurs only during beam firing in the
immediate neighborhood of the shuttle. In the filtered camera
this glow is largely absent and the clectron beam induced
emissions show up as weil defined auroral patches.

It is known that when an aurora is viewed from the ground
up in a direction along the magnetic field line, the ratio
between the integrated 427.8 nm column emission intensity
and the precipitated electron energy flux is about 200

Rayleighs per erg g:m‘z sec”] [Rees et al., 1976]. The SEPAC
puises of 6.25 keV and 1.21 ampere deposited a total power of

7.6 kilowatt = 7.6 x 1010 ¢r. sec'l, which would create an

aurora of 1.6 x 1013 R cm?® for a ground based observer.
Since the optical resolution element of the AEPI instrument

was of the order of about | km2 = 1010 cm2 when projected
to the 100 km altitude region, one might have expected to
detect 1.6 kR emission concentrated in one single resolution
element (pixel). In fact, the auroral patch was substantially
larger than one pixel and the measured intensity in the peak of
the patch was S kR (Figure 2).

The presence of the greater intensity in the cenwral pixel,
and the fact that the spot was considerably larger than a single
pixel, suggests that there was a substantial contribution from
regions closer to the shuttle. In order to calculate the expected
intensity we have considered a simple model of the electron
beam, in which the imager is considered to be looking
(downward parallel to a straight magnetic field line) along the
center of a uniform electron beam. The central pixel is looking

<R OBEETE

{1S86/16: 0814 4278 177 €92.3 8989V
PR CE T W SEG2 3914 186 353 R -in
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Fig. 1. An example of the artificial aurora patch imaged with
the 427.8 nm filter. The inset shows the same patch in white
light from the continuum camera. Both images show the
existence of a luminous tail in the wake direction. The contrast
in the white light image is relatively low because of near field
luminosity stimulated by the electron beam. The filtered image
appears to be larger and less symmetric in the up and down
direction.

1 g1ra Tr1a8

directly along the axis of the cylinder, and collects light
emissions which can be considered to be the sum of emissions
from two regions. The first region, nearest to the imager, is
entirely contained within the cylinder. Emissions occurring in
this region can be computed simply by integrating the volume
emission rate along the line of sight. Light collection from the
other more distant region is subject to the inverse square law
attenuation. In our model, we performed the integration of
intensity contribution into the central pixel from both regions.
The other pixels adjacent to the central one were calculated
simply without regard to the inverse square attenuation. We
realize that this model is gready simplified. In reality, the
electron emission did not produce a uniformly luminous
cylinder since the magnetic field is curved.

The electron beam in the model had the same energy flux
as the SEPAC beam. In the four cases considered the
diameter, D, of the uniformly distributed electron beam was
set to 5, 10, 50 and 150 meters. A simple model atmosphere

of Rees et al. [1976] was used with a 5.3 x 10 ~18 cm? cross-

section for N2+ 427.8 nm production [Vallance-Jones,

1974]. In our model the emphasis was on the contribution of
the high altitude atmosphere interaction; therefore, a relatively
simple modeling of the primary interaction was satisfactory.
Nevertheless our simple model gave good agreement with

earlier studies. For example, in our model, a one erg cm -
electron beam of 6250 eV electrons produced an integrated
column intensity of 200 Rayleighs, in agreement with the
more sophisticated modelling, ¢.g., Rees et al. [1976]. Our
model produced the volume emission rate as a function of
altitude shown on Figure 3 as a dashed curve.

The result of our model in which the distant regions are
weighted with the inverse square law is also shown in Figure
3 (solid line). For the curve shown, a beam diameter of 10 m
was selected which is equivalent to a uniform electron flux of

8 x 1012 electrons s -1 cm -2. The abscissa is the apparent

ARTIFICIAL AURORA PULSE

86/16:01:29 WAVELENGTH 4278
HY =§ INTEGRATION = 32 FRAMES

5 kR

2.8km

Fig. 2. Antificial aurora pulse observed through a 427.8 nm
filter at 86/16:01:29 displayed as an intensity perspective plot.
The field line curvature would displace the auroral "hot spot”
originating in the 100-140 km region downward (to the lower
left) in the plot. The 2.8 km dimension is for far field (low
altitude).
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Fig. 3. Apparent volume emission rate profiles given by the
simple model. Broken line shows no inverse square law
correction. Solid line shows the apparent volume ernission
rate normalized to fill one resolution element of the imager as
observed from the orbit. The normalization is equivalent to
applying inverse square law correction for the distance
between the emitting region and the observer viewing straight
down the electron beam.

volume emission rate given in 106 photons cm -3 sec-1-
One can see from Figure 3 that the emissions produced in the
high altitude region closer to the observer are a significant
component when compared to the inverse square law
attenuated 10 meter diameter emission spot originating in the
lower atmosphere. The total column sum of the emission is
4.5kR. This value should be compared to 1.6 kR, which
would be the expected intensity if the SEPAC beam had
produced its emission only in the 110 km altitude region. The
results of modelling the different beam diameters are
summarized in Table 2.

The first column shows the beam diameter chosen for the
caiculation. The integrated sum of the intensity in the distant
region subject to the inverse square law is shown in the second
column. The contribution to Pixel 1 from the region close to
the observer is summarized in column 3. Column 4 is the total
contribution to Pixel 1. Column 5 and 6 are the contributions
1o the adjacent pixels, Pixel 2 and Pixel 3, respectively. Small
beam diameters lead to relatively large contributions by the
emissions close to the orbiter.

In the realistic case, which considers the field line
curvature, the central "hot spot” in the 110 km atmosphere is
displaced by 1.7 km or two pixels from the center of the
electron cylinder. In addition the electron beam distribution
would not be expected to be uniform in the cylinder and the
electrons would be concentrated at the peripheries of the
cylinder. More detailed modelling is beyond the scope of this
paper. '

The image shown on Figure 2 shows that the central
brightest region is displaced in the downward direction, in
agreement with the expected sense of the displacement,
because the field line curvature at the geographic location of
the observer would displace the "hot spot” originating in the
lower atmosphere in the downward direction on the image.

During the ATLAS-1 mission, we had several occasions
during which star fields were observed. From such in-flight
calibrations the angular calibration corresponding to the size of
a pixel was obtained. The technique was also used to obtain
the point source response, spatial resolution element or pixel
size of the instrument. The intensity calibrations were
corroborated by the measurement of the absolute response of
the instrument to known stars.

The intensity of the pulses detected in the 427.8 nm
channel was_interpreted using pre -, post-, and in-flight
calibrations. The postflight calibration showed no significant
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Fig. 4. The time history of the 427.8 nm emission intensities
as measured during the second AEPI-SEPAC artificial auroral
experiment. This experiment was performed in the auroral
ionosphere and there were active auroras at times in the
background.

sensitivity difference. Thus we are confident that the intensity
of the central pixel of the artificial aurora pulse at 16:01:29 UT
was 5 kR.

The existence of a tail-like decay in the white light camera
image (Figure 1 inset) was expected because in this channel
some of the spectral components have long lived upper states

exhibiting long decay. For example, the 557.7 nm ols
(lifetime of 0.74 seconds) would produce a tail consistent
with the observed (6 km) length. The observation of a tail in
the filtered 427.8 nm emission (lifetime <1 ms) was
unexpected. Since the electron beam and the observer are
moving with the same speed, a spontaneously emitting
emission should produce a spot that closely tracks the electron
beam interaction region and was, therefore, expected to be a
small round spot. The existence of a tail is evidence for a
finite decay time. This finding is consistent with the "prompt
responses” observed by Wilhelm et al. [1985], who found
evidence that the lifetime of energetic electrons is several
hundred milliseconds in the vicinity of the electron beam
generator and that the decay time is a characteristic of the beam
plasma discharge effect ignited by the electron beam. It should
be noted that any form of temporal decay in the intensified
CCD imager cannot cause such an artifact because the tail is
spatially displaced from the main bright spot on the detector.
Furthermore it should be noted that when the AEPI CCD is
substantially overloaded it tends to produce vertical, and not
horizontal, streaks. Thus the observed horizontal tail is not an
artifact of the observing instrument.

As we have discussed, the apparent intensity of individual
artificial aurora pulses varied greatly because of the lack of
time synchronization between the start of the one second
electron beam pulse and the one second exposure duration. It
was found that much of the intensity variation could be
removed by simply summing consecutive pulses. For the
sequence of artificial electron pulses the intensity corrected

Table 2. Artificial Aurora Model Properties.
Column Integrated Emissions.

First pixel 2nd pix  3rd pix
Region 1 Region 2 sum
Inverse Square  No Inverse
(m) (R) (R) ®R) ®) (R)

5 7700 2700 10400 1380 956
10 4500 1380 5880 460 690
50 3040 290 3330 140 92

150 2890 38 2028 32 23




aurora patches are shown in Figure 4. During this sequence
there were some natural auroras in the ficld of view. Most of
the fluctuations in intensity were due to natural auroras which
were present as a variable background. This intensity of this
background was measured from the images as the video signal
of the approximately uniform region in the vicinity of the
artificial aurora pulses. The time plot of this background is
shown on Figure 4 as the middle curve. The third curve, the
rectangles on Figure 4, represent the intensity of the darkest
pixels in the images. From this plot it is evident that the
auroral spots appear to be superimposed on a variable
background. We did not find a dependence of the intensity of
the artificial aurora pulses on the intensity of the local natural
aurora.

The continuum camera instrument permitted studying the
time development of the intensity of individual artificial auroral
pulses with a time resolution of 1/30 sec. The duration of the
SEPAC pulse is 1 second. From these studies we noted that
there was an enhancement in the background light during the
occurrence of the artificial aurora. This enhancement began
simultaneously with the start of the electron beam emission
probably due to the camera seeing the enhancement in the
plasma close to the orbiter. Nine television frames (about 300
ms) after the initiation of the beam there was a large
intensification of this background. Plots were made for
several artificial auroral pulses and they all showed to some
degree the changes in background intensity in the vicinity of
the artificial aurora. The relative uniformity of the time
dependent background level is evidence that a discharge
phenomena occurs in the orbits immediate vicinity which has a
definite onset time during the 1 second beam firing.

Conclusion

During the ATLAS mission the SEPAC experiment emitted
7.5 kW electron beams with a 1-second duration. The AEPI
instrument detected the artificial auroras and measured their
spatial extent, intensity and time profile. Relatively simplistic
modeling of the electron beam and the observing geometry
showed that in addition to the classical auroral patch emitted
from 110 km altitude auroral atmosphere below the orbiter
there is another significant component coming from the beam
interacting with the nearby atmosphere. Because of the
relatively small spatial extent of the artificially produced
auroral light collected from the lower atmosphere, it is
attenuated by the inverse square law. The intensities of the
artificial aurora pulses were measured, and they appear to be in
agreement with the intensity produced by a simple model
which included both the emissions which are generated nearby
(1 - 2 km) and those which are produced far away (140 - 180
km) from the shuttle orbiter. The expected emission intensity
calculation is based on a simple model of uniform cylindrical
electron beam interacting with the atmosphere where well
established 427.8 nm production rates, atmospheric models
the total energy of the SEPAC beam were used.

The auroral patches appeared to be spatially elongated in
the wake direction which represents a temporal decay. This
observation was made in the 427.8 nm Np* first negative
band which is known to have a lifeime which is very short.
The emission intensity produced by the artificially created
auroral spots did not change noticeably when the spots were
superimposed on natural auroras.

The shape of the luminous patches shows a distinct
asymmetry due to the displacement of the lower atmospheric
emission "hot spot” because of the curvatre of the
geomagnetic field.

The success of these observations pave the way for further
active experiments using energetic electron guns and optical
detection techniques from the space shuttle. These active
experiments would include the study of production efficiency
of different spectral components of the aurora, and the electron
beam probing of the electric and magnetic field structures
above the ionosphere.
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ABSTRACT

U

The Space Experiments with Particle Accelerators (SEPAC), which flew on the ATLAS 1 mission, used new techniques to
study natural phenomena in the Earth’s upper atmosphere, ionosphere and magnetosphere by introducing energetic
perturbations into the system from a high power electron beam with known characteristics. Properties of auroras were studied
by directing the electron beam into the upper atmosphere while making measurements of optical emissions. Studies were also
performed of the critical ionization velocity phenomenon.

INTRODUCTION

The Space Experiments with Particle Accelerators (SEPAC) were conducted as part of the ATLAS 1 Spacelab mission from
March 24 through April 2, 1992. One of the objectives was to perform artificial aurora experiments from orbit using
high-power electron beams and the optical imaging capability of the Atmospheric Emissions Photometric Imaging (AEPI)
instrument /1/. The SEPAC electron beam accelerator (EBA) is capable of injecting electrons with beam energies up to 6.25
keV. At this energy the perveance-limited electron gun can emit beam currents of up to 1.21 A. The previous flight of
SEPAC on Spacelab 1 /2/ showed that at these levels special means of neutralizing the Shuttle are necessary; therefore, for
ATLAS 1 the SEPAC instrument compiement included three 122-cm diameter conductive spheres for charge collection and
4 1.6 A hollow-cathode Xe~ plasma contactor. The flight data show that the effectiveness of these charge neutralization
devices was sutficient for injection of electran beams up to the highest beam currents available with the SEPAC EBA.
Another objective of SEPAC was to conduct neutral xenon releases from the plasma contactor (PC) to test the predictions
of the critical ionization velocity theory.

EXPERIMENT DESCRIPTION

0

SEPAC is a joint U.S.-Japan investigation of the interaction of electron beams, plasma and neutral gas with the Earth’s upper
atmosphere, ionosphere and magnetosphere. It makes use of the large mass, volume and power capabilities of
Shuttle/Spacelab as well as the interactive control that is possible through the involvement of payload and mission specialists.
The first flight of SEPAC was with the Spacelab | mission (STS-9) in late November and early December 1983. Recently
an upgraded instrument complement was included as part of the ATLAS | payload on STS-45 in late March and early April
1992. The upgraded SEPAC instrumentation is described by Burch et al. /3/. Table 1 shows the SEPAC instrument
complement as flown on the ATLAS 1 payload.
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= 9)263
E JASR 14:9-R .



N264

J. L. Burch et at.

TABLE 1 SEPAC Instrumentation for ATLAS [

Instrument Parameter Range
Eleciron Beam Accelerator (EBA) Energy 010 6.25 keV
Current Owl2l A
Perveance 2.5 x 10% AV3

Initial Beam Diameter

20 mm

Detlection 0 to 30° from axis
Modulation < SkHz
Xenon Plasma Contactor (PC) _lon-electron production rate 1.6 A
Operation time available 1500 hrs.

Neutral gas pulse width

100 ms (programmable)

Number of ejected atoms

~ 6 x 10% per puise

Low-trequency plasma wave probe Frequency 0.75 x 10 kHz
High-trequency plasma wave probe Frequency 0.110 10.5 MHz
0.4 10 10 kHz
Wideband plasma wave probe Frequency 0.1 4.2 MHz

{or 4.0 to 7.5 MHz)

Floating probes

Distances trom pallet

290 mm, 540 mm, 790 mm

Frequency 0 10 400 Hz
Potential 8 kViwo +8kV
Resolution 6V
Energetic clectron analyzer Energy 0.1 10 15 keV
Energy resolution AE/E = 0.18
Angular acceptance 4° by 10°
Sample rate 100 Hz
Energy sweep time 320 ms
Langmuir probe Density 10° 10 10° e cm?
Temperature 600 to 5000° K
Sample rate 1 kHz (current)

250 Hz (voliage)

fonization gauge

Pressure gauge

5x 10%tw0 5 x 10* Torr

Sample rate

1 kHz
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ARTIFICIAL AURORA EXPERIMENT

Artificial auroral experiments had been conducted previously from sounding rockets /4,5,6,7,8/. The results of the previous

. expenments led to the expectation that the SEPAC EBA, at highest power, would produce an artificial aurora characterized

by an emission with a diameter of about 100-150 mat aftltudes of 100-120 km. However, because of the favorable viewing
geometry from orbit, the artificial aurora emissions were imaged over the full extent of the curved magnetic field lines from

. near the Shuttle altitude of 295 km down to the 110-120 km altitude regime. Also present in the images were afterglows,

which appeared as emission "tails” extending up to ~1 km in the wake direction. Contrasts between SEPAC and the
previols experiments include the facts that (I) the optical Tmaging measurements were made from the same spacecraft from
which the electron beam was injected rather than from the ground or aircraft, (2) total charge neutralization was accomplished
with the charge-collection spheres and the plasma contactor; and (3) the artificial auroras were produced in the auroral zone

and in the neighborhood of natural auroras.

_1In each of the three artificial aurora experiments that were performed on ATLAS 1, twenty electron beams were injected

downward from an altitude of 295 km with 0° pitch angle at relatively high southern magnetic latitudes (65-67°). During
the first and third experiments, optical observations were made with the AEPI instrumentation. In the first experiment
white-light images were acquired at a rate of 30 Hz, while in the third experiment these high-rate white-light images were
supplemented by images at 4278 A, which were integrated over 1 second. The electron beam pulses were injected once every
15 seconds at the maximum energy and current (6.25 keV, 1.21 A) with pulse widths of 1 second.

Figure | shows two 4278 A images that were obtained about 4 minutes apart in the southern auroral zone during the third
artificial aurora experiment. In Figure la the artificial aurora is located in the dark region near a quiet auroral arc, while in
Figure b the artiticial aurora is superimposed upon a large naturally occurring auroral arc. Each artificial aurora image contains
significant spatial structure, the most persistent features being a tapered extension toward the botiom of the image and
{particularly noticeable in Figure la) a trail in the Shutle wake direction, possibly indicating an afterglow phenomenon. The
travel time of the beam to the 110-km level is only about 5 ms, and the 4278 A emission is prompt, with a lifetime of <1 ps;
theretore, the wake trail was not predicted. The afterglow present in the wake trail may have been produced by induced electron
precipitation, caused perhaps by an enhancement of ionospheric Pederson conductivity produced by the artificial beams, although
this possibility needs to be investigated further. Another possibility is a beam-plasma inwraction that persists for some time after
the beam is turned off [Wilhelm et dl 1985]

The tapered extensions toward the bottom of the images in Figures la and 1b are produced by the curvature of the magnetic field
line. For this experiment the Shuulle was moving generally eastward, or to the left in Figure 1, so south and north are toward
the wp and bottom of the figures, respectively. The AEPI has a tield of view of 20°, so at 110 km the width of the images in
Figure | is about 80 km. The displacement of a dipole field line a1 a magneti¢ latitude of 65° between 295 km and 110 km
hedause of field-liné curvature is about T.8 km, which is consisient with the im s in Figure [. The bottom tip of the downward
tapered extenisions in Figdre 11§, then; thé Tower extension of the artificial aurora at altitudes of about 110 km. Detailed analysis

atf the images is reported by Mende et al. /1/.

Future experiments are needed to take advantage of the much greater detectability of the artificial aurora emissions from orbit
in performing more extensive spectral analyses and in using the artificial electron beams to sense remotely electric fields in the
auroral zone. The fact that the artificial auroras are easily detectabie even when superimposed on bright natural auroras supports
the possibility that upward-propagating electron beams, reflected by paraliel electric fields above the aurora, would produce
detectable artificial auroras, which could be used to map the strength and spatial distributions of the parallel E-fields.
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Figure 1b

Fig. 1. a1 Artificial aurora image in 4278 A. Ty the left is a quiet auroral arc; in the upper right is the artificial aurora. The
image wus obtained by the AEPI instrument /11/, which viewed downward along the magnetic field direction, during a
ane-second period beginning at 16:01:59 UT on March 26, 1992, The direction of motion of the Shuttle Orbiter was to the left,
s the natural auroral arc is broadened in the horizontal direction by about 10%. The width of the image at the 110-km level
is about 80 km. The color bar is linear from top to hottom and extends from 0 to about 5 kR. (b) Same as (a) except that in
this case the image was obtained over the one-second period beginning at 15:57:44 UT on March 26, 1992, and the artificial
aurora was superimposed upon a large auroral arc.
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CRITICAL IONIZATION VELOCITY (CIV) EXPERIMENT

The Critical Ionization Velocity (CIV) theory, first postulated by Alfvén /9/, states that neutral gas travelling perpendicular to
4 magnetic field will suddenly become ionized when its velocity in the rest frame of the magnetic field reaches a threshold value

such that the kinetic érierx:gkyAdrf' the gas in that frame is equal to its ionization potential (v, = y2e ¢. /m).

The CIV phenomenon has been suspected to play an important role in various plasma dynamics situations ranging from cometary
comas and astrophysical problems to spacecraft environment interactions and ionization in magneto-plasma-dynamic (MPD)
thrusters. While CIV has been observed in many laboratory experiments, a definitive and unambiguous observation of this
phenomenon in space has proved to be elusive. Torbert /10/ gives a review of many of the attempts to observe CIV in the
ionosphere. This section reports on a CIV experiment that was performed on the ATLAS 1 mission as part of the Space
Experiments with Particle Accelerators (SEPAC) using the plasma contactor (Table 1) in the neutral gas mode.

The SEPAC CIV experiment consisted of a series of 100 ms neutral xenon releases, repeated once every five seconds for five
minutes. The release velocity of the xenon from the PC at the 245 psi nominal plenum tank pressure is on the order of 30.5 m/s;
therefore, the neutral xenon had essentially the orbital velocity of > 7 km/s when released from the PC regardless of the
orientation of the release with respect to the velocity vector. In order to satisfy the CIV criterion, the velocity perpendicular to
the magnetic field must exceed the critical value; therefore, the planned experiments were performed at high latitudes, where
the angie between the orbital velocity and the field line is nearly 90°.

The CIV experiment was performed twice during ATLAS-1: once in the planned configuration (payload bay in the wake) and
once with the payload bay toward the Earth. The lanter configuration is not optimum for the CIV experiment because the gas
is released perpendicular to the velocity vector, i.e., not into the ram or wake; however, we chose to take advantage of available
experiment ime with the Orbiter in this attitude.

RESULTS FROM SEPAC DIAGNOSTICS

Figure 2 shows SEPAC diagnostic package (Table 1) data from 16:07:35 1o 16:08:05 UT on March 27 (Day 87), 1992, The
first CIV experiment began at 16:07:40 UT. The payload bay was toward Earth at that time (Fig.1b). The top plot shows the
neutral gas fast acting valve status as "on" when the valve is open; the valve stays open for approximately 100 msec every 5 sec.
The second plot is the Langmuir probe current (top) and voltage (bottom). Before the beginning of the experiment, the probe
voltage was swept in order to obtain the ambient electron temperature and density.  Once the neutral gas releases began, the
voltage was held constant at +9 V (the maximum applied voltage) in order to record density fluctuations. Unfortunately, voltage
sweeps immediately before the start of the releases show that the probe does not reach the electron saturation limit at this voltage.
During the releases the current does reach the maximum level that can be read by the probe, increasing by a factor of at least
60 as compared to the background level.

COMPARISON WITH CIV MODELS

In the paper by Marshali et al. /11/, a two-part code was used to model possible CIV effects for the experimental configuration
of the first CIV experiment. The first part is a linear and quasilinear wave (and instwbility) model for wave generation,
saturation, and particle heating during a CIV interaction given the ambient and release parameters. This model takes into account
many realistic effects such as magnetization, full kinetic effects, collisions, spatial effects, and electromagnetic polarization. The
second part of the code is a set of necessary conditions or criteria that a CIV release in space must satisfy in order for a CIV
interaction to be possible. Most of these criteria have been discussed by Murad and Lai /12/.
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Fig. 2. Data from the SEPAC diagnostic package plotted against universal time from 16:07:35 1o 16:08:05 on Day 87 (March
27), 1992. The first panel shows the neuiral gas release valve status (ON/OFF). Each pulse lasts 100 msec and represents on
the order of 1/6 mole of neutral xenon. The second 2 panels show the Langmuir probe current (top) and applied voltage
(bottom).  As soon as the releases begin, the probe voltage is held constant at +9 V. The bottom plot shows the voltage on the
three sensors of the floating probe. Anciliary data are given at the bortom of the plot along the x axis.

CIV CRITERIA

Marshall et al. /11/ used their model 10 evaluate several CIV criteria for the SEPAC releases. Their results are summarized in
Table 2.

CONCLUSIONS

The prospect for a CIV type interaction for this particular release is good judging from the application of the above criteria. The
criteria are mostly (and at worst marginally) met at distances of 100 meters or so from the spacecraft. One criterion not
considered stipulates that the dimension of the cloud must exceed the wavelength of the unstable mode responsible for electron
energization. The evaluation of this criterion must await the study of the wave physics of this particular release. Finally, criteria
for disqualitying the possible role of other ionization mechanisms in these releases (such as charge-exchange and the entrainment
of collisionally ionized neutrals to the probe as discussed by Sasaki /20/) have not yet been addressed quantitatively.

|
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TABLE 2 CIV Criteria
Paramerer/ Reference Criterion Requirement Result
Phenomenon
Release Velocity | Papadopoulos Ve 2 Vs Vo 2 4.2 kan/s Vo = 7.4 km/s
13/
Magnetic Field Axnis and B< 4T B=6x10°T
Strength Brenning /14/ Wplwe > ym /m,
Pitch Angle Lai and Murad Lon, > sina > v /v, B<a< a ~ 80° -90°
1]
191 (L = cloud dimension, ¢ = clectron-
impact ionization cross-section)
Collisionality /Clhs(;ueiri etal. Q> (vrz“lvczi - fa < 18Hz fou 2> 96 Hz
Metastable Lai et al. /16,17/ | v, < lifetime for metastable state te < 150s te = 3us-70s
Enhancement (6s{3/21,)
Mass Loading Haerendel /18/ n,=0.8nmyv,/m v An, = i0° cm? An, = 10* cm?
Lai and Murad A b
119/

Note: v is the release velocity perpendicular to the magnetic field (B), v, is the critical ionization velocity; w,, and w,, are

the electron plasma and cyclotron frequencies; L is the dimension of the released cloud; ¢ is the electron-impact
iunization cross section; « is the pitch angle; ) is the Hall parameter for ions; t,,, is the ionization time; v, is the Alfvén
velocity; and n,, m,, n,, and m, are the cloud and ambient densities and masses, respectively.
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CIV EXPERIMENTS ON ATLAS-1

J. A. Marshall and J. L. Burch
Southwest Research Institute. San Antonio. Texas

. E. Y. Choueiri
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N. Kawashima )
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Absrracr. A test of the Critical lonization Velocity (CIV)
theory was made with neatral xenon releases from the
Space Experiments with Particle Accelerators (SEPAC)
hollow cathode plasma contactor onboard the Shuttle
Orbiter Atlantis during the ATLAS-1 mission. The gas
velocity perpendicular to the Earth’s magnetic ficld was
cssentially the orbital velocity (7.5 km/s). and thus it
exceeded the CIV tor xenon. The releases were observed
with onboard instrumentation. A factor of 60 enhancement
was seen in the Langmuir probe current.  Calculations
contirmed that refease conditions generally satistied criweria
Lor CIV and predicted a maximum (actor of 20 increase in
plasma density. Thus. CIV effects were likely o0 have
oceurred during the ATLAS-1 experiments.

Introduction

Space Experiments with Particle Accelerators (SEPAC)
was the only active experiment in the ATLAS-1 payload.
which was carried into a 57°. 290 km orbit by the Sheule
Orbiter Adantis on March 24. (992, Although SEPAC was
primarily a scries of experiments with a 7.6 kW clectron
beam, in particular aimed at the creation of an artificial
aurora. the second SEPAC accelerator, a plasma contactor
(PC), was used to perform several tests of the Allvén
Critical Tonization Velocity theory, The CIV theory, first
postulated by Allvén [1954], states that neutral gas
travelling perpendicular to a magnetic field will suddenly
hecome ionized when ils velocity in the rest frame of the
magneue tield reaches a threshold value such that the
kinetic energy of the gas in that frame is equal to its
tonization potential (9,,,): ., = (2e0,,/M)".

The CIV phenomenon has been suspected to play an
important role in various plasma dynamics siluations
ranging from comelary comas and astrophysical problems
to spacecraft environment interactions and jonization in
magnetoplasmadynamic (MPD) thrusters. A recent review
of the significance of CI'V has been made by Biasca [1992].
While CIV has been observed in many  laboratory
experiments (see Piel [1990] lor a review), a definitive and
unambiguous observation ol this phenomenon in space has
proven clusive. Torbert [ 1990] reviews attempts to observe
CIV in the ionosphere. and Brenning [1992] gives a
thorough review of all aspects of CIV.

A CIV study using a xcnon gas release Irom Spacelab
was proposed by the AMPS Science Working Group in
1975 (see Mobius [1979]). This method takes advantage of
the fact that the Shuttle orbital velocity of >7 km/s exceeds
the 4.2 km/s critical ionization velocity for xenon. It has
several advantages over sounding rocket experiments.

Copyright 1993 by the American Geophysical Union.

Paper number 93GL00593
0094-8534/93/93GL-00593$03.00

499

including better control of the magnetic ticld configuration,
and the possibility of repeating the experiment many times
in one mission while varying relcase parameters, Further, it
avoids difficulties with ground based optical observations
[Wescott et al.. 1992] by using optical diagnostics on the
Shuttle. and has a much higher mass flow rate than other
satellite experiments. ¢.g. the APEX xenon releases.

The first Spacelab CIV experiment was performed by
cjecting argon plasma al supersonic speeds (near 20 km/s)
trom a SEPAC plasma accelerator on Spacclab 1.
Tonization of the ambient neutrals was reported by Sasaki
[1986]. For ATLAS-1. the argon plasma accelerator was
replaced by the xenon PC. making it possible to perform
the CIV experiment as originally proposed for AMPS.

Hardware

The SEPAC PC is a 25 c¢m hollow cathode plasma
source capable ol ejecting 1.6 A of xcnon plasma in a
continuous mode and/or .15 mole of neutral xenon in [00-
ms pulses. and was iniended to aid in ncutralizing the
Orbiter during clectron beam lirings. In addition to the PC
and the electron beam. the SEPAC hardware also included
a diagnostics package. Details of the diagnostic instruments
are given in Burch et al. [1992]. Figure | shows the layout
of the SEPAC experiment on the ATLAS-1 pallet. The
plasma contactor orifices are approximately 1.5 m from the
diagnostics package probes.

The CIV Experiments

The SEPAC CIV experiments, designated Functional
Objective 8 (FOS8), consisted of a series o' 100-ms neutral
xenon releases, one every five seconds tor five minutes.
The release velocity of the xenon (rom the PC at the 245

SEPAC
Electron Beam
Accelerator

Fig. I. ATLAS-1 pallet configuration. SEPAC equipment
is shaded.
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psi nominal plenum tank pressure is only ~30.5 m/s. and
therefore the neutral xenon will have essentially the orbital
veloeity ol 7.5 km/s when released from the PC regardless
of the vricntation ol the release with respect o the velocity
veetor. In order 1o salisly the CIV eriterion, the velocity
perpendicular to the magnetic field must exceed the critical
value: we therefore planned to perform FOR at high
latitudes. where the angle between the orbital velocity and
the ficld line is nearly 90°,

Figure 2u shows the planned orientation of the Orbiter
lor the CIV experiment. with xenon released into the wake.
FO8 was performed twice during ATLAS-1: once with the
payload bay in the wake (Figure 2a) and once with the
payload bay loward the Earth (Figure 2b). The latter is not
optimum for the CIV experiment because the gas is
released perpendicular to the velocity vector. i.e.. not into
the ram or wake where the plasma environment is more
casily modeled: however. we chose 1o take advantage ot
available experiment time with the Orbiter in this attitude.

Results from SEPAC Diagnostics

The SEPAC diagnostics package included a Langmuir
probe. a Noating probe with three vertically spaced sensors.,
high and low frequency wave receivers and a vacuum
gauge.  In addition w these diagnostics. the Atmospheric
Entissions Photometric Imager (AEPI was used to oblain
images of the neutral gas releases. We plan 1o report on
the optical measuremients. as well as the wave data, in a
tater paper.

Figure 3 shows diagnostics package data from the
16:07:39 10 16:07:40 UT on March 27 (Day 87). 1992, the
heginning ol the first ATLAS-1 CIV experiment: Universal
Time is plotted on the x axis. The payload bay was toward
Earth at that time (Figure 2by. All data arc plotted with
maximum resolution (1 msec. except in the case of the
valve status. which is 2 msec). The top plot shows the
neuatral gas Tast acting valve status as "on" when the valve
is open: the valve stays open for approximately 100 ms
every 5 sec.

The second plot is the Langmuir probe current (top) and
voltage (hottom).  Belore the beginning of the FO. the
probe vollage was swept in order to obtain the ambient
cleetron temperatuce and density.  Once the neutral gas
releases began. we held the voltage constant at +9 V (the
maximum applied voltagey in order t record density
Muctuations.  Unfortunately. voltage sweeps immediatelv
hetore the start of the releases show that the probe does not
reach the electron saturation limit at this voltage. During
the retease shown the current does saturate the probe
clectronics. increasing by a factor of at least 60 as
compared 1o the background level.  Although the exact

SEPAC CiV EXPERIMENT (FO 8)

B B
Arr————— .
VELOCITY
VECTOR .
VELOGITY
] VECTOR
a. b.

Fig. 2. (a) Orbiter orientation planned lor SEPAC CIV
experiment and used for FOR-2. (b) Orbiter configuration
for FOR-1.
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Fig. 3. Data from the SEPAC diagnoestics package plotted
against universal time from 16:07:39 to 16:07:40 on Day 87
(March 27), 1992.

increasce in plasma densily cannot be calculated because +9
V does not represent the electron saturation limit. this docs
indicate a substantial amount.

The third panel shows data from the vacuum ionization
gauge. located at the base of the Langmuir probe. The
increase in Langmuir probe current shown above precedes
the increase in neutral pressure shown here by 14 msec.
This lag may occur because the vacuum gauge is farther
from the release point than is the Langmuir probe sensor.
or it may retlect the response time of the gauge.

The bottom panel shows the voltages on the floating
probe top. middle and bottom sensors. cach spaced 25 ¢m
apart vertically.  The voltages on the wp and botom
sensors have been offsel by +15 V and -5V, respectively,
so that the traces can be distinguished.  The data are
extremely notsy: however. there is no discernible increase
on any sensor during the gas releases. indicating that the
Langmuir probe cument spikes are due o increases in
density and not merely the result of a shift in vehicle
potential.

Figure 4 shows a summary plol of the peak Langmuir
probe current (solid line) and the peak ambient neutral
pressure (dashed line) for cach gas release in FOS8-1,
indicating that the plasma density during neutral xenon
pulses is proportional to the amount of xenon released,
which declines over the five minute cxtent of the
cxperiment.  Similar data from the second performance of
FO8 (FO8-2) show that the level of ionization in that
experiment. which was pertormed with the payload bay in
the wake (Figure 2a). was not qualitatively different from
that in the first FOR. (Recall that FO8-1 was pertormed
with the payload bay toward the Earth.) Table |
summarizes the two CIV experiments from ATLAS-1.

Evaluation of CIV Test Criteria

In addition to the relative velocily requirement, there is
a set of necessary conditions or criteria that a neutral gas-
plasma rclease in space must satisfy in order for a CIV
interaction to be possible. Most of these criteria have been
discussed by Lai and Murad [1992]. To compare with the
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Fig. 4. Summary plot ol peak Langmuir probe current
tsolid line) and peak ambient neutral pressure (dashed tine)

tor cach neutral xenon release in the first performance of

the SEPAC CIV experiment.

CIV est eriteria, we selected @ wpical 100-ms xenon gas
release at 130 ¢/s [rom the FOS-1 series. This particular
release happened at 16:11:19 UT on Day &7 (March 27)
with a spacecraft orbital velocity of 7.5 km/s.  The
Langmuir  probe  current-voltage  characteristic from
immediately before the FO started vielded a density of at
feast 5 108 em™ bul was o noisy o determine
accurately the clectron lemperature. Weo selected an
clectron density of 3 x 108 em ™ and an electron temperature
wlL T eV for use in the cateulations.

‘ C[V Criterta

CIV-prone Recion. Lai and Murad [ 1992] define a CTV-
prone region bounded by distances x, and v, lrom the
spacecrafl. The distance ., 1s the upper bound lor the CIV-
prone region and is obtained by requiring the ionization
time scale 10 be shorter than the residence time scale ol
clectrons o the spirit off & Townsend criterion or the
initiation ot a self-sustuined  discharge. For the above
conditions. this distance was caleulated o be v, = 134 m
from the spacecralt. At the end of the 100-ms pulse the
released gas cloud would have a dimension ot 6 m. Since
this dimension is smaller than v, the release cannot be
considered as a steady-state conical beam but rather as a
symmetrically expanding cloud. :

The distance x, is the lower bound tor the CIV-prone
region and is obtained by requiring the tme it takes a
magnetic ticld line to move across the cloud to be shorter
than the time needed for the electrons 10 be heated by the
instability fucling the CIV interaction. Assuming that the
latter time scale is MWV, as suggested in Tanaka and
Papadopoulos [1983]. we get v, = 12 m. CIV is therefore

Table 1. Summary of CIV experiments from ATLAS-1

Max LP
Curremt Pitch
FO Atlitude (LA) Vperp Angle
S-1  Payload bay >i4 7.36 Sl
to Earth km/s
N-2 Payvload bay >4 746 90
in wake km/s

My

QUA.L 'y

restricted to happen between 12 and 134 m from the retease
poinL.

Release Velociry Crireria. Alfvén’s original criterion for
CIV v, 2 v, was satslied for xenon. whose ¢ is only 4.2
km/sec. Another_inequality that must be satisticd by the
relative velocity. as pointed oul by Papadopoulos [ 1984].
states that the ., must not exceed (1 + 32, (where v, is
the Altvén velocity and B, is the clectron beta) dest
clectromagnetic modes decrease the heating elficiency of
the instability. This yields an upper limit for o., of 460
km/see at v, and 400 m/s at x,. implying that this criterion
is initially violated ncar the spacecralt where the density is
relatively high (7, = 1.7 x 10" em™ at v, assuming an
ionization Iraction of 10™) but quickly becomes satistied as
the cloud recedes tfrom the spacecratt (n, drops o 2.6 x 10°
cm™ at x,.)

Magneric Field Strength Crirerion. The inequality o Jo,,
> (m /M) was proposed by Brenning and Axnis |i98l,
19901 o sct an upper limit on the magnetic lield. The
smallest value for this upper limit in our particular
experiment is calculated to be 0.04 Tesla. which is well
ubove the strength of the Tocal magnetic field. implying that
the criterion is satisfied fat both x, and x.).

Pirch Angle Crirerion. Lai and Murad |1992]. using
clectron ¢scape arguments. stated that the release pitch
angle 8 must satisty the inequality Lon. > vin® > v /o,
where L is the dimension ol the cloud and ¢ 1s the effective
cross-section for clectron impact ionization of  xenon
neutrals. This yviclds 33 <8 < 90" (al hoth x, and x,) for
our case. a condition well satisfied by the release.

Collisionaliny: Crireria. Chouciri ¢t al. [1985] derived
from a model of the rate kinetics i condition that must be
satistied by the level of collisionality of the newly produced
ions in order for collisions not to disrupt the energization
process. This criterion. cast in terms ot a condition on the
maxumum allowable clfective Hall parameter tor the newly
produced ions. Q. is Q. > 1/ Jv' . - 1). This sets an
upper limit on the allowable elfective collision frequency
for the new xenon ions. which is caleulated 1o be about 18
Hy. This criterion s clearly violated at v, where the neutral
eas density is very high o, = 1.7 x 10™ecm™) but becomes
more tenable toward the outer boundary of the CIV-prone
region {the clfective collision (requency ol the new xenon
tons drops t Y6 Hz near v

Crirerion for Merastable Enhancemenr. The ionization
time from the (65]3/2]) metastable slae ol xenon s
calculated to be 70 s for the conditions at x, and 3 ps for
the conditions at v, Both wvalues are lower than the
metastable lifetime for that state. This implics that the
likelihood of sustaining a CIV discharge Tor this particular
release may be cnhanced because of ionization from
metastable states {Lai et al.. [988: 1989,

Muass Loading. The mass loading ellect mayv reduce the
effective relative  velocity  through  strong  momentum
coupling between the tons produced in the beam and the
ionospheric ions [Hacrendel, 1983: Lai and Murad. 1992},
This eflect sets an upper limit on the plasma density in the
heam. n,. given by Lai and Murad [1992] as n, =
0.8n.M v, /M,v, .. For the conditions ol our particular release
this translates into a fon density vield ot 10" cm', which is
about a factor of 20 increase in the ambient density. The
number is ol the same order as the factor by which the
Langmuir probe current increased during the release.

Prospecr for a CIV Interaction. The prospect for a CIV
tvpe interaction for this particular release is good judging
Itom the application of the above criteria. The criwria are
mostly (and al worst marginally) met at distances close to
X, from the spacecraft. One criterion not considered
stipulates that the dimension of the cloud must exceed the
wavelength of the unstable mode responsible tor electron
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energization. The evaluation of this criterion must await the
study of the wave data Tor this particular release. Finally.
criteria for disqualilying the possible role ot other
ionization mechanisms in these releases (such as charge-
exchange and the entrainment ol collisionaily ionized
neutrals to the probe as discussed by Sasaki [19%85]) have
not yet been addressed quantitatively.

Discussion and Conclusions

Model calculations indicate that the release under study
is a good candidate for CIV eflects. and predicts a
maximum density enhancement in qualitative agreement
with the factor of 60 increase seen in the Langmuir probe
current.  Data taken with the release in the ram compared
with data taken from a release perpendicular to the ram
show no qualitative dilference in the Langmuir probe
currenl.  The calculations. however. predict CIV-enhanced
ionization Lo occur between 12 and 134 m from the release
point. and it is difficult to determine how the plasma. which
shoutd be tied to the magnetic licld. could have been
transported to the vicinity of the Langmuir probe.

There are possible explanations other than CIV cltects
tor the high probe current. Recalling the probe was not at
the eleciron saturation voltage. it'is possible that the density
increase may be overestimated compared with the ambient.
Ahernatively. the density may be due to plasma resulting
from collisional interactions between the injected  pas
molecules and the ambient plasma that is then channeled to
the probe by the magnetie ficld. This cflcet was observed
on Spacelab 1. as described by Sasaki [1985].  The
iontzalion in the two cases stadied here does not vary with
attitude. however, as was the case in Spacelab 1.

We plan to model releases in other attitudes. hoping to
{ind a case for which the model does not predict substantial
CIV densily enhancement.  Comparison with the current
increases in such a case should shed light on the likelihood
that the enhancement is due to CIV effects. Optical data.
when they are available. will also help to contirm that there
was indeed enhanced ionization in the region predicted by
our calculations.
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Langmuir probe measured the charge exchange ions and the thermal electrons
emitted by the contactor. The electric field wave data showed an order of magnitude
increase in the 4-8 MHz band. There were no reports of contactor operations

interfering with either Orbiter systems or other Atlas-1 experiments.

Nomenclature

Aprobe = Langmuir probe area

e = electron charge

ID = discharge current

I = ion current generated inside the contactor

IK = Kkeeper current

L = neutral gas flow

IPC = current from orbiter chassis to plasma contactor
k = Boltzman’s constant

m; = ion mass

MPD = Magneto Plasma Dynamic

n, = neutral gas density

Neex = charge exchange ion density

Ne = electron density

n; = ion density

Peex = probability of charge exchange

r = radial location

To = radius of the plasma contactor orifice

Rprobe = distance between the contactor and the probe

sccm = standard cubic centimeter per minute
STS = Space Transportation System
Te = electron temperature
Veex = charge exchange ion velocity
VD = discharge voltage
2
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Vi = plasma contactor ion velocity

VK = keeper voltage

Vo = neutral gas velocity

Ad = potential difference from peak plasma potential
c = resonant charge exchange cross section
Introduction

Space Experiments with Particle ACcelerators (SEPAC) on Atlas-1! included a
plasma contactor to neutralize charge buildup on the orbiter due to electron
accelerator operations. During the previous mission (Spacelab 1), at high power
levels the SEPAC electron beam returned to the cargo bay causing intense optical
emissions.24 The beam returned because the orbiter was unable to collect sufficient
electrons from the ionosphere to balance those emitted by the beam. For the reflight
on the STS-45 Atlas-1 mission, SEPAC employed three different types of hardware to
balance the beam current: three conducting spheres, a neutral gas release system,
and a Xenon plasma contactor. This paper focuses on the operation of the plasma
contactor, which was used for the first time to neutralize an intense electron beam
during a spaceflight. SEPAC hardware included diagnostic instrumentation, which
was primarily intended to measure phenomena associated with electron beam
interactions with the ionosphere, but also provided useful data about the plasma
generated by the plasma contactor, its interaction with the ionosphere, and its ability

to control orbiter charging.



Background

Emission of charge neutral plasmas effectively controls spacecraft charging in
geosynchronous orbit. Investigations on ATS-6°¢ and SCATHA? showed that
emission of neutral plasma was more effective in balancing electron currents from
the magnetosphere than the emission of electrons alone. Less than a milliampere is
needed to control geosynchronous spacecraft charging. In low-Earth orbit, SERT-II
(Space Electric Rocket Test IT) controlled spacecraft potentials over an 80 volt range
by biasing hollow cathode plasma neutralizers.8? To neutralize the EBA (Electron
Beam Accelerator), the first SEPAC flight used an MPD arcjet. The arcjet generated
~1019 ion-electron pairs during a milﬁsecond pulse that could be repeated every

15 seconds. The resultant plasma dispersed within 100 ms, too short a time to
neutralize the orbiter during most of the electron beam operations.?4 For the
STS-45 mission, instead of the MPD thruster, a plasma contactor was added to
SEPAC to provide steady-state charge and current neutralization. Figure 1 shows
the configuration of the SEPAC experiment as flown on STS 45. In particular, notice

the relative location of the plasma contactor with respect to the diagnostics package.

A plasma contactor is a discharge chamber where an expellant gas (Xenon for
SEPAC) is partially ionized by electron bombardment. The resultant dense, low
temperature plasma expands into the surrounding space, driven by the quasi-
neutral electric fields associated with density gradients. Following earlier work on
plasma expansion into vacuum,10-11 we assume streaming ions and thermal
electrons.12.13.14 The electrons that exit the discharge chamber are immediately
thermalized, generating turbulence. The ions expand roughly hemispherically from

the contactor orifice. The electron population is predominately Maxwellian; that is

|
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the electron density depends exponentially on the potential divided by the electron
temperature.
n,=L/2nc’ve

e ™ ni (1)
n, =n,_, exp(eAd/kT,)

Laboratory data shows that the potential of the initial, unexpanded plasma is usually

within a few volts of the bombardment chamber anode potential.1

Contactor plasma electrons are two orders of magnitude more mobile than the ions,
and normally carry most of the electrical cﬁrients. The expanding contactor plasma
is only weakly collisional and can support electrical currents on the order of the
thermal electron current. Only small changes in the potentials from those
determined by quasi-neutral plasma expansion are needed to drive significant

electron currents.12

External to the discharge chamber, the unused neutral expellant interacts strongly
with the expanding plasma through resonant charge exchange. Cross sections for
resonant charge exchange, o, approach 100 A2 for Xenon.16 During charge exchange,
slow moving thermal neutral atoms lose an electron to streaming ions. Because of
their small velocities, the chérge exchange ions ‘respohd strongly_to density gradient
electric fields and expand more nearly isotropically than the forward-streaming
contactor ions. While only a small fraction of contactor ions, the charge exchange
ions dominate the plasma density behind the orifice plane.l” The characteristics of
charge exchange plasmas external to an ion thruster have been studied in the

laboratory!718 and modeled numerically.19-21



The SEPAC Plasma Contactor

The SEPAC plasma contactor?? generates about two amperes of singly charged
Xenon ions in a 25 cm diameter discharge chamber. The contactor, built by Hughes
Research, is essentially a Kaufman thruster without ion accelerating electrodes. The
contactor, as shown schematically in Fig. 2, has separate power supplies for the
keeper and main discharge electrodes. The gas is ionized in a two-step process. A
small amount, 0.7 sccm (standard cubic centimeter per minute) of Xenon gas, flows
through the hollow cathode, through the hole in the keeper electrode and into the
main discharge chamber. Typically, the keeper discharge operated at 1.5 amps (IK)
and 17 volts (VK). The keeper discharge provides seed ionization and acts as a low
impedance cathode which supplies ionizing electrons to the main discharge
chamber. Xe gas flows directly into the main discharge chamber at a rate of 36.7
sccm. Small magnets in the discharge chamber enhance the ionization process.
When operating at 7 amps (ID), 36 volts (VD) in the main discharge chamber, the
plasma contactor ionizes about 75% of the total neutral Xenon gas flow (37.4 sccm)
generating 2 A of Xe ions and an equal quantity of electrons. Since the ionization
takes place inside the discharge chamber, ambient plasma conditions do not affect
the ionization. The dense, n, = 107m-3, cool, Te = 2 eV, plasma expands quasi-

neutrally into the much less dense, colder surrounding ionosphere.

Because of the large ion current generated by the SEPAC plasma contactor, it could
not be determined during the flight whether electrons were indeed the dominant
current carriers. The SEPAC contactor was designed to support much larger electron
currents than the EBA current; the contactor ion generation rate alone was larger

than the maximum EBA current.
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The plenum gas pressure, the current and voltages in both power supplies, and the
electron current ﬂoWing from the Eontactor to rthe orbiter chaésis wefe rﬁonitored
during the flight. Unfortunately, the current from the orbiter to the contactor (IPC)
was monitored only when it was positive, 50 no information about plasrha -

contactor electron emission was obtained.

The SEPAC plasma diagnostics package included a cylindrical Langmuir probe
located, as indicated in Fig. 3, 1.37 m toward the center of the orbiter cargo bay and
0.6 m below the contactor orifice. The 4 mm diameter, 20 cm long probe was swept
+9 V. As was seen in the first flight, the probe positive sweep voltage was not
enough to observe electron current saturation due to the orbiter negative floating

potential.

The SEPAC plasma instruments were located to the side and behind the contactor
orifice and, consequently, measured primarily properties of the secondary, charge

exchange plasma, as opposed to plasma ions generated inside the discharge chamber.

Flight Results

Atlas-1 was launched on March 24," 1992 abpafd th‘e“;)‘rbirtér Atlant}s mission STS;45
in a 300 km altitude, 57° inclination orbit. During the week long mission, SEPAC
performed 27 separate experiments using the plasma contactor, covering most
orientations with respect to the earth’s magnetic field and orbiter velocity vectors,
during both day and ﬁighf, and near the 'Iicran’iércar radar observatoryFor each of the
27 experiments, the contactor was restarted and operated ﬂawiessly f;)r a total of 7.3
hours, until the supply of Xenon gas was depleted. The plasma contactor electrical

data was the same as observed during laboratory testing. Consistently stable voltages



and currents were seen in both the keeper and discharge circuits throughout the
flight. All cathode starts occurred within a second of keeper voltage turn on; no
high impedance modes were observed. Postflight examination confirmed the
telemetry; all contactor circuits were nominal and the Xenon tank was empty. Most
of the gas had been expended during SEPAC neutral gas release experiments. The
plasma cloud was observed from Jicamarca. In the observatlon of the near cloud, it

had a scattering cross section of about 20 dB larger than that of the orbiter.23
Langmuir Probe

Compared with the ambient ionosphére, during contactor operation thé Langmuir
probe showed a hotter, order-of-magnitude denser plasma. As can be seen in Fig. 4,
the Langmuir probe traces were noisy both with the contactor on and off. These
measurements were made when the beam was off and the orbiter was in the earth’s
shadow. Figure 4 shows probe currents when the contactor was in the wake of the
shuttle and when the contactor was in the ram. While electron current saturation
was not observed, enough of the electron trace is available to fit a temperature. The
ion current collected is determined from a least squares fit of points with negative
voltages; the electron temperature was determined from a fit to the points from
1.80 V to 596 V for the wake case, from 3.8 Vto 8 V for the ram case, and from 7.9 V
to 9.5 V for the ram case with the contactor off. For the cases examined, the electron
current fit an exponential fairly well, with an electron temperature between 1.5 and
21eV. As Table 1 shows, the thhest temperatures occurred when the contactor was
in the wake Closer interaction with the cooler ionosphere may lower the contactor

plasma electron temperature.
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Because the Langmuir probe was behind the main contactor orifice, it presumably
measured the secondary ions generated by charge exchange occurring in front of the
orifice between the main plume and un-ionized Xenon. We can test this hypothesis
by comparing the measured ion currents with ion currents e;(pected from charge

exchange.

Assuming the neutral Xenon emanating from the orifice expands into a n solid

angle,

I
(1) = —2— @
0

As long as the neutral gas is not depleted, the probability of charge exchange, Pex,
external to the contactor is

1,6
ennV,

P = j' n,(r)odr = 3)

The median distance from the orifice for charge exchange is 2ry. Assuming that the
charge exchange ion expansion is spherical, and noting that the distance to the probe
is large compared with the orifice size, we can estimate the current to the Langmuir

probe,

A
I o P I 4)

probe 4’1‘:R‘3’m‘,e cex “i

The probe area used is the cross section to streaming flow, 8 x 10-4 m2. Taking the
neutral gas velocity to be 300 m/s, the probability of charge exchange ranges from 7%
if the contactor ionizes 50% of the Xenon, down to 3% if the contactor ionizes 80% of
the Xenon. During laboratory operation, this was the range of expellant utilization
observed. With the flight parameters expellant utilization in the lab was 75%. The

predicted range of probe currents due to charge exchange is 1.7 pA to 2.7 uA. The



observed saturation ion currents extrapolated to zero potential range between 1.9 pA

and 3.1 pA, consistent with this simple picture.

The charge exchange ion density, ncy, is approximately

P.I

cex 1

- 5
ednrv,, ©)

cex

Because the shuttle floats negative, the potential difference between the discharge
chamber anode and the local environment is less than the 36 V discharge potential.
This potential provides an upper bound on the charge exchange ion velocity,

7300 m/sec. For a charge exchange current of 2 pA, the charge exchange plasma
density at the probe would be at least 2 x 1012 m-3. This density is also consistent
with the Langmuir probe not showing electron saturation. The corresponding
electron saturation current is about 200 pA, far in excess of 112 HA, the maximum
current that the probe was capable of measuring. The voltage sweep also limited the
probe’s operation. From the analyzed data it appears that the saturation current

would occur at about 10 V positive, which is above the upper end of the probe

voltage sweep range.
Charge Control during EBA Operations

During joint EBA and plasma contactor operations, the contactor current
neutralized a portion of the EBA electron current. Data shows that for an EBA
emission current greater than 100 mA, current flowed between the contactor and
the orbiter chassis. Figure 5 shows an example in which the EBA current reached 0.8
A. These measurements were made in the earth’s shadow with the bay facing up.
The figure shows the electron beam voltage (top) in volts, the electron beam current

(middle) in amperes, and the current from the orbiter chassis to the plasma
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contactor (bottom) in amperes. The variation in the beam was preprogrammed. In
this case the plasma contaetor accounted for more than half the return curt'ent. The
contactor current was consistently less than the EBA current. This is consistent with
preflight expectaﬁone that the orbiter exposed conductihg surface would collect
thermal electron current and the contactor would make up the difference in order to
keep the orbiter from chargmg Since the orbiter did not charge the beam escaped
even at the highest currents During the flight, the electron beam generated
artificial aurora in the upper atmosphere more than a hundred kilometers from the

orbiter.1

At maximum EBA electron current, 850 mA, the plasma contactor emitted 650 maA.
Because the contactor generated 2 A of ions, it is unclear from the data whether the
contactor current was carried by electrons flowing in from the ionosphere or by ions
flowing from the contactor out to the ionosphere. The ambient environment had
no effect on plasma contactor operation, since the plasma produced by the contactor
overwhelmed the background plasma in the vicinity of the shuttle. Contrary to
some expectations, there were no observations of any visible beam plasma

discharges during plasma contactor operations.

Every time the contactor discharge was started, a current spike of the order of 100
mA of current was emitted for a few tenths of a second. Figure 6 shows the plasma
contactor emitting current after turn on, with neither neutral gas nor EBA emission.
These measurements were rnade 'm the earth’s shadow with the bay facing down
The bottom two curves are the Langmulr probe potentlal in volts and current i in
microamperes. The rruddle curve is the current from the orblter chassxs to the
plasma contactor in amperes. The top two curves are from the wave detectors. The

figure shows a current spike of 70 mA at contactor turn on. While probably

11



associated with differential charging of nearby orbiter surfaces, no quantitative

model of this unanticipated emission has been developed.

The contactor currents during SEPAC neutral gas release experiments are not
electron beam turn on. Figure 7 shows typical behavior of thétplasma contactor
current during a neutral gas release. These measurements were made in the earth’s
shadow with the bay facing up. The bottom curve shows the neutral gas release. The
next curve shows the current from the orbiter chassis to the contactor in ampéres.
The top two curves are the electron beam potential in volts and current in amperes.
Note that the potential variation is shown on an expanded scale. The plasma
contactor current shows an ampere level surge during the gas release, followed by a
rapid decay until beam turn on. The source of these electrons and the current
closure path are not presently known. When the electron beam is turned on, the

contactor current slowly rises to a value greater than without neutral gas, and then

decays slowly.
Field Fluctuations

The diagnostics package included a wave receiver connected to a half meter electric
field antenna. Both narrow band and broad band signals were measured. The broad
band receiver measured the gain necessary to output a 1V signal in three frequency
ranges. The antennas were located adjacent to the Langmuir probe. The AGC
(Autorﬁatic Gain Conﬁol) High' sxgnal is for the 4-8 MHz band. The AGC Low
signal is for the 400 Hz-10 KHz band and comes from a Faraday cup mounted atop
the high fretjuéncy antenna. The operanon o% the plasmé contactor he;d Vthé' greatest

effect in the 4-8 MHz band, the highest frequency measured. Increases of greater

12
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than 20 dB were observed in the electric field energy compared with the ambient
plasma. During some contactor opérations, when the cargo bay was in the ram, the
wave intensity was sufficient to saturate the receiver, correspondmg to fluctuating
fields of approximately 1 V/m. When the cargo bay was not in the ram, the
intensity of the fluctuating fields was lower, the order of a tenth of a volt per meter.
Figure 6 shows electric field wave data measured during SEPAC plasma contactor
operation. The top two curves are the AGC Low and AGC'High data. The data
shown indicates oscillating electric fields of order 0.1 V/m. During this period the
Langmuir probe was held at a constant poteﬁtial in order to measure the density
fluctuations. The noisy current reflects the variation in the density. The plasma

contactor electromagnetic radiation did not interfere with orbiter systems.

Intense electrostatxc ﬂuctuatlons in the contactor plasma are consistent W1th the
Langmuir probe current ﬂuctuanona observed when the probe bias voltage was
fixed. Published models of hollow cathode plasma contactors predict large
amplitude electrostanc turbulence as a resultiqf electrons streammg from the
cathode into the contactor plasma.12r24 The cathode electrons are accelerated by the
discharge potential and form an unstable beam in the local dense plasma. These
streaming electrons ionize the contactor gas, generating the contactor plasma. The

beam also generates intense electrostatic waves which scatter and thermalize part of

the beam. Not presently understood is how the electrostatic turbulence decays.
Summary

During the Atlas-1 mission (STS-45), the SEPAC plaéma contactor operéted the same
as it had during testing in the laboratory. While there were no measurements in

the contactor plume, the charge exchange plasma behind the contactor dominated

13



Langmuir probe currents and was consistent with previous, ground-based
measurements. During SEPAC electron accelerator operations the contactor emitted
currents that helped balance the electron beam current. There was no evidence of
charging, electron beam return, or beam plasma interactions during plasma
contactor operations. Highest electron temperatures were observed during deep
wake operations, suggesting that thermal conduction with the ionosphere tended to
cool the expanding contactor plasma. During plasma contactor operations the
electric field wave data showed an order of magnitude increase in the 4-8 MHz
band. There were no reports of contactor operations interfering with either Orbiter

systems or other Atlas-1 experiments.
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Figure Captions

Figure 1. Configuration of the SEPAC experiment as flown on STS 45.

Figure 2. Schematic of the SEPAC plasma contactor.

Figure 3. Relative placement of the plasma contactor and the Langmuir probe in
the shuttle orbiter cargo bay; | S

Figure 4. Langmuir probe currents.

Figure 5. Flight data showing current collected by the plasma contactor during
SEPAC Electron Beam Accelerator (EBA) operation.

Figure 6. Plasma contactor emitting current after turn on, with neither neutral gas
nor EBA emission. Also shown is electric field wave data measured
during SEPAC plasma contactor operation.

Figure 7. Plasma contactor current during neutral gas release.
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Table 1.

- - Electron Temperatures and Ion Currents during Plasma Contactor Operation

_—m—m

s Time (GMT)  Orientation Te(eV) Ton Current (LA)

87/01:15:18 ram 1.5 2.1

o

88/01:14:10 wake 2.1 0.6

¢

89/11:51:46 down 1.9 2.2

o

90/18:50:5 down 1.2 3.1

sl

-
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